Two dodecadeoxynucleotides of defined sequence have been synthesised by phosphotriester methodology. They can be polymerised to give a double stranded DNA which codes,when read in the correct phase, for the repeating dipeptide poly(aspartyl--phenylalanine).
INTRODUCTION
The ability to clone specific DNA sequences in bacteria has opened up potential routes to the production in fermentative systems of proteins which are difficult to obtain by other means. As techniques advance the expression of plasmid cloned DNA sequences is rapidly becoming commonplace; expression of genes for insulin (1) , ovalbumin (2, 3) , somatostatin (4) human growth hormone (5, 6) and influenza surface antigens (8) has been reported recently. With recent advances in methods of oligo-nucleotide synthesis synthetic genes have become an attractive proposition in the case of small peptides, many of which are of commercial significance (e.g. mammalian peptide hormones, ekephalins etc.).
Since the ultimate object is to isolate the protein products of such genes it would be advantageous to have multiple copies of the gene inserted into the cloning vector.
We have examined the possibility of cloning synthetic repeating genes which, if expressed, would yield a polymer of the required peptide. This repeating sequence polypeptide would then be broken down by specific enzyme digestion to give the desired product. We chose to prepare and clone a gene coding for multiple repeats of the dipeptide aspartyl-phenylalanine (asp-phe) which is the basis of an artificial sweetener. This paper reports the synthesis and cloning of the repeating genes in a plasmid having a bacterial promoter just upstream from the insertion site (7) which allows controllable expression of genes cloned at that site (8) . Clones carrying inserts coding for up to 150 repeats of the dipeptide were isolated and some of these expressed a polymer of phenylalanine and aspartic acid which was enzymically digested to produce (asp-phe). These results demonstrate the utility of this method in the fermentative production of small peptides.
MATERIALS AND METHODS

Synthesis and characterisation of Dodecanucleotide Blocks
The two dodecanucleotides, d(TpCpGpApApApTpCpGpApApG) and d(TpTpTpCpGpApCpTpTpCpGpA) were synthesised by standard triester methodology (9) from trimer blocks (10) . The oligomers were purified by high pressure liquid chromatography, as were the intermediates in the synthesis. The fully protected dodecanucleotides were deblocked with 0.1 M tetraethylammonium fluoride in THF/pyridine/water (8:1:1) followed by treatments with ammonia and 80% acetic acid. The deblocked oligonucleotides were purified by ion exchange HPLC on Partisil 10 SAX. Sequence analysis of the final product was carried out using the mobility shift method of Wu et al. (11) .
Polymerisation of the synthetic dodecanucleotides Each synthetic dodecanucleotide (2 pg) was phosphorylated in 1O yl reaction containing 10-50 pCi of y-P-ATP, 50 mM tris-Cl pH 7.8, 5 mM magnesium chloride, O.25 mM unlabelled ATP, 10 mM mercaptoethanol and 3 units of T4 polynucleotide kinase (New England Biolabs). After 30 minutes at 37 the two nucleotides were mixed, unlabelled ATP was added to bring the ATP concentration up to 1 mM, together with 0.1 units of T4 DNA ligase (New England Biolabs) and the reaction incubated for 24 hrs at 25°.
High molecular weight material was selected by passage down a Sephadex G-50 (superfine) column 20 cm x 0.8 cm in 50 mM sodium chloride 10 mM Tris-Cl pH 7.5, 0.1% SDS.
Finally the polymers were concentrated by ethanol precipitation.
Blunt end repair using DNA polymerase I Approximately 2 vg of the polymers was incubated in a 40 pi mixture containing 50 mM Tris-Cl pH 7.8, 5 mM magnesium chloride, 1 mM mercaptoethanol, 0.125 mM of each of the four deoxynucleotide triphosphates and 2 units of E. coli DNA polymerase I (Boehringer Corp).
The mixture was incubated for 2O minutes at 10° and the mixture used without further purification in the blunt end ligation reaction.
Preparation of the cloning vector DNA 50 yg of pWT121 DNA was digested with a two-fold excess of Hind III, (New England Biolabs) using conditions recommended by the manufacturer.
After digestion the enzyme was removed by phenol extraction.
Repair with E. coli DNA polymerase I to generate blunt ends was carried out as described above. The blunt ended DNA was then treated with bacterial alkaline phosphatase (BAP.F, Worthington Biochemicals) to remove the terminal phosphates and stop the plasmid DNA recircularising during ligation.
Blunt end ligation
Blunt ended dodecanucleotide polymers and BAP.F treated, blunt ended vector DNA were mixed in approximately 1:1 proportion by weight and ligated at 15 with 0.2 units of T4 DNA ligase (12) .
After 24 hours the ligated DNA mixture was used to transform competent E. coli cells.
Bacterial strains
Experiments involving whole cells were performed in E. coli K12 HB101. (13) (14) and plated on L-agar plates (15) supplemented with ampicillin (100 pg/ml) and 40 yg/ml of L-tryptophan. Selected clones were purified by streaking to obtain single colonies.
Clones thus isolated were examined by colony hybridisation on nitro cellulose filters by the method of Grunstein and Hogness (16) .
One of the synthetic dodecanucleotides, usually d(TpTpTpCpGpApCpTpTpCpGpA), klnase labelled 32 with P-phosphate at its 5' terminus was used as a hybridisation probe.
DNA Purification Single colonies positive by colony hybridisation were grown up in 100 ml cultures with chloramphenicol amplification, and DNA isolated from a cleared lysate by caesium chloride equilibrium gradient centrifugatlon (17) .
Polyacrylamide Gels 5% acrylamide gels (30 x 15 x 0.15 cm) in TBE buffer (90 mM tris, 90 mM boric acid, 2.5 mM EDTA, pH 8.3) were used for the separation of oligonucleotide polymers or restriction fragments of recombinant plasmids. Running times were usually 16 hours at 120 volts. Bands were visualised in u.v. light after staining with ethidium bromide.
12.5% polyacrylamide: SDS gels for the separation of proteins were run according to Laemmli (18) . The gels were dried under vacuum at 1OO C and autoradiographed using Kodak 'Kodirex' x-ray film.
Minicell Preparation and Protein Labelling Minicells were isolated from 200 ml cultures of E. coli P678-54 containing the required plasmid by standard procedures (19) .
The final minicell isolate was suspended in 0.5 ml of M9 salts containing glucose, magnesium, leucine, threonine and thiamine (15) containing either 40 yg/ml of tryptophan (repressing) or 5 pg/ml of B-indoleacrylic acid (inducing). The cells were preincubated for 30 minutes at 37° before labelling 14 for 3O minutes with 5 yCi of C-labelled amino acids (Radiochemical Centre, Amersham). After a 45 minute chase with cold amino acids and washing to remove unincorporated label the cells were lysed and 5-10 pi aliquots of the lysate run on acrylamide:SDS gels.
Induction in whole cells E. coli HB101 containing various plasmids was grown up to an A-Q-of 0.6 in 25 ml of M9 medium (15) supplemented with ampicillin (1OO pg/ml). A 1 ml sample was taken from this 'repressed' culture and labelled for 10 min with 5 pCi Camino acids before being chased for 10 minutes with 2OO pi of 20% casamino acid (Difco). The cells were pelleted (10,000 xg for 10 minutes) washed several times to remove excess label and the final pellet lysed. The rest of the initial 25 ml culture was pelleted (10,000 g for 10 minutes) and resuspended in an equal volume of M9 medium supplemented with ampicillin (100 pg/ ml) and fj-indoleacrylic acid (5 yg/ml) . After induction for 10 minutes 1 ml samples were withdrawn and labelled as described above. 5-10 pi aliquots of the final lysates were separated on acrylamide gels.
Isolation of labelled proteins from gels
Particular bands of protein were isolated from acrylamide gels by separating the protein lysate in a series of parallel tracks. One of these tracks was cut from the gel with a scalpel and stained with Coomassie Brilliant Blue while the rest of the gel was soaked for 20 minutes in 15% glycerol and stored at -70 C. The stained gel slice was dried and autoradiographed for 24-48 hours to define the position of the labelled bands. This enabled the relevant portion of the frozen gel to be excised. The gel slices were broken up by forcing them through a 1 ml disposable syringe with no needle and the labelled protein eluted with 10 mM trlethylammonium bicarbonate pH 7.5 for 24 hours. Gel fragments were removed by centrifugation and the supernatant dialysed overnight versus 10 mM triethylammonium bicarbonate.
We estimate that 50% recoveries of labelled protein bands were obtained in this way.
Coupling of enzymes to solid supports
Enzymes were coupled to cyanogen bromide activated Sepharose 4B (20) under conditions recommended by the manufacturers of that matrix (Pharmacia). Loadings of about 10 mg of protein per ml of packed Sepharose were obtained. The insoluble enzymes were stored at 4° in buffers containing 5% glycerol and 0.02% sodium azide.
Under these conditions they appeared to be stable over many weeks.
Enzyme digests
Crude cell lysates or bands isolated from acrylamlde gels were digested with proteolytic enzymes in soluble form at concentrations between 1 and 10 mg/ml, or with equivalent amounts of enzyme coupled to a solid support, for periods up to 72 hours.
In the case of the insoluble enzyme the reaction tubes were mixed end over end for the whole period.
10 mM triethylammonium bicarbonate was used for digests in the pH range 7-8 while 10 mM glycine/sodium hydroxide buffers were used up to pH 10.5. Enzymes were obtained from Sigma.
Thin layer chromatography Labelled protein digests were separated on Merck silica gel TLC plates with concentration zone (20 x 20 cm),using n-propanol cone ammonia (7:3) as solvent. After development the plates were dried and autoradiographed using Kodak Kodirex x-ray film. Authentic unlabelled samples of aspartyl-phenylalanine (asp-phe) and phenylalanyl-aspartic acid (phe-asp) were obtained from Dr. R. Mazur, Searle Research, Chicago, Illinois.
Material was recovered from TLC plates by scraping off the silica and elutlng in 10 mM triethylammonium bicarbonate pH 7.5 at 37° for 1 hour.
Acid hydrolyses Protein bands isolated from acrylamide gels or from TLC plates were digested in 6 M hydrochloric acid for 18 hours at 110° in sealed tubes. After this time the tubes were opened and the contents evaporated to dryness. Further evaporation from methanol served to remove excess HC1 before further treatment.
Nucleotide sequencing Nucleotide sequencing was performed by the method of Maxam and Gilbert (28) .
RESULTS AND DISCUSSION
The triester method of oligonucleotide synthesis (9) is now well established and offers advantages of speed which, when coupled to rapid HPLC separation techniques makes chemical gene synthesis an attractive proposition. Using these methods we synthesised two partially complementary dodecanucleotides, d(TpTpTpCpGpApCpTpTpCpGpA) and d(TpCpGpApApApTpCpGpApApG). The two nucleotides were extensively purified and fully characterised by sequence determination (11) . After phosphorylation the two nucleotides were able to self hybridise in an overlapping fashion (Fig. 1) to produce long, double stranded, repeating sequence DNA molecules containing nicks which were sealed with T4 DNA ligase to produce covalently continuous structures. Resolution of the polymerised oligonucleotides on an acrylamide gel showed the presence of a wide range of molecular weights ranging from two to >5OO repeats of the basic dodecanucleotide unit (Fig. 2) . The polymeric structure contains a recognition site for the restriction enzyme Taq I (T.C.G.A.) which repeats every six nucleotides and, as expected, the entire population of polymers was completely susceptible to Taq I digestion (data not shown).
• The total population of polymers was repaired with E. coli DNA polymerase I to produce blunt ended structures and the resultant molecules ligated to Hind III cut plasraid DNA which has been similarly repaired.
The plasmid used, pWT121, has a controllable E. coli tryptophan promoter just upstream of the Hind III recognition site (7) and its nucleotide sequence around the insertion site is such that the inserted DNA sequence should be expressed as (asp-phe) n (Fig. 3) . The recombinant plasmids were transformed into E. coli K12 HB1O1.
Colony hybridisation (16) using one of the originally synthesised dodecanucleotides, was used to identify the recombinant clones carrying repeating inserts and plasmid DNA was isolated from 100 ml cultures of selected clones.
Restriction di- pWT121 is chosen to give the correct translational frame to produce (asp-phe)n after the short leader sequence derived from the trp Ê gene (7) .
3-ests of these DNAs showed, as expected, a shift in the molecular weight of the restriction fragment encompassing the Hind III site which corresponded to the size of the DNA insert (Fig. 4) . It Figure 4 : Determination of the sizes of inserted polymeric genes. DNA isolated from cultures grown from three single colony isolates of recombinant plasmids was digested with restriction enzymes using conditions recommended by the manufacturers (New England Biolabs) (A Hae III digests B Hha I digests) and the fragments separated on a 5% polyacrylamide gel overnight at 120 volts. The fragments of pWT121 into which the genes are inserted are indicated by an arrow. The molecular weight markers are a Hae III digest of px 174 RF. DNA, sizes are in base pairs. Determination of the molecular weights of the bands shifted by the inserts gives insert sizes of 63O bp, 86O bp and 220 bp respectively for the plasmids in tracks 1, 2 and 3, i.e. 52, 71 and 18 repeats of the basic oligonucleotide unit.
can be seen from Fig. 3 that, given perfect polymerase I filling and correct joining of the blunt ends, the Hind III site at the pWT121-insert junction is regenerated. This Hind III site was demonstrated to be present in some, but not all, of the plasmids examined.
A range of insert sizes was observed, up to 75 repeats of the basic dodecanucleotide unit. It is interesting to note however that neither very large (>80 repeats) or very small (<5 repeats) inserts were found although in tjie polymer population used for the cloning sizes outside this range are definitely present. It is possible that the smaller inserts were present but were simply not detected efficiently in the colony hybridisation screen. The question of the stability of large inserts is of interest because of evidence suggesting that repetitive DNA sequences are expelled from plasmids with a high frequency even when cloned in recA hosts (21) . This work suggested that the loss of repetitive inserts was due to an intramolecular recombination event and that inserts of 1 kb or less were comparatively stable. This may explain the apparent top limit of ^9OO bp observed in our plasmids. No definitive tests of insert stability have been carried out on our plasmids but many isolates have been grown through 50 or more generations and to date we have found no evidence of any plasmid deleting its repetitive insert as judged by colony hybridisation and restriction analysis of its DNA. Sequence analysis (28) showed that the regular repeating nucleotide sequence in the inserts was correctly preserved over this time scale (data not shown). Some plasmids were isolated having DNA deletions of 1 kb or more from regions away from the insert site and in these also the repetitive inserts were stable by the above criteria. These results give us confidence that the strategy of cloning tandemly repeated genes for the production of small peptides is viable.
Since the synthetic repeating genes were inserted by blunt end ligation both orientations are present in the recombinant plasmid population. It is apparent from Fig. 1 that the insert could be expressed as six different repeating peptides depending on orientation and reading frame. The desired reading frame, producing (asp-phe) n , is the only one which would lead to the incorporation of aspartic acid and one of only two reading frames which would lead to the incorporation of phenylalanine. We therefore examined the proteins produced by our recombinant plasmids in E. coli minicells. We found that, in about half of the plasmids studied, shifting the cells from medium containing tryptophan to medium free of this amino acid caused an increase in the synthesis of a protein, not present in the case of the parent plasmid pWTl21, whose size varied with the size of the DNA insert in the plasmid (Fig. 5) . The fact that these proteins are present even under repressing conditions indicates that in these plasmids the gene is never completely switched off, however the changes in the levels of synthesis indicate that the gene is under trp promoter control. Where such a band was observed it was found that the protein labelled efficiently with both C-aspartic acid and C-phenylalanine (more than 90% of the incorporated label was in the induced protein band) but no signii 14, 14 nifleant labelling occured when, for example, C-serine or C-glutamic acid was used. This is strong evidence that the cells are expressing the desired product, a copolymer of aspartic acid and phenylalanine, i.e. that the orientation and phasing of the insert are as predicted.
14 To confirm this we isolated material labelled with Caspartic acid, C-phenylalanine or a mixture of both from acrylamide gels and subjected the recovered material to enzymic hydrolysis.
It was expected that the (asp-phe) n protein would be cleaved by chymotrypsin which has specificity for amino acids with aromatic side chains (22) . However, all the induced proteins isolated were very resistant to this enzyme. Using soluble chymotrypsin no digestion could be detected, but with chymotrypsin immobilised on Sepharose 4B (20) some degree of digestion was achieved to yield a small amount of a product which co-chromatographed on TLC with authentic (asp-phe) (Fig. 6) . The failure of chymotrypsin to digest the polymer may be due to the nature of the material, with alternating aromatic and charged side chains. Other enzymes which are known to cleave peptide bonds adjacent to aromatic amino acids (subtilisin Carlsberg (23), thermolysin (24) and proteinase K (25)) were all able to digest the isolated protein (Fig. 6) . Thermolysin is known to hydrolyse bonds invol- The molecular weights of the 14c-marker proteins are given in kilodaltons. Proteins were labelled with a mixture of 14c-aspartic acid and 14c-phenylalanine and isolated from acrylamide gels as described in the text. Digests were for 16 hours at 37° except for the thermolysin digest which was done at 50°.
Products were separate on silica TLC plates and autoradiographed as described in the text.
Track 1: 10 mg/ ml soluble chymotrypsin; Tracks 2 and 3: 10 mg/ml chymotrypsin on insoluble support; Tracks 4 and 5: 10 mg/ml soluble subtilisin Carlsberg; Track 6: 10 mg/ml soluble proteinase K; Track 7: 10 rag/ml soluble thermolysin.
ving the amino groups of residues with bulky hydrophobic side chains and, as expected from a polymer of (asp-phe) , the only product was a compound which comigrated with authentic (phe-asp) on TLC. (Fig. 6) . The other two enzymes are less stringent in their specificities and yield compounds comigrating with both (asp-phe) and (phe-asp) as well as other products which may be short oligomers of the dipeptides.
Acid hydrolysis of induced proteins labelled with a 14 Caraino acid mixture and isolated from gels shows that they consist almost entirely of aspartic acid and phenylalanine (data not shown). Prolonged autoradiography of the TLC plates revealed the presence of small amounts of other amino acids. These may arise from contamination of the material isolated from gels or from the short trp E leader sequence fused to the beginning of the protein (Fig. 3) . Hydrolysis of the (asp-phe) and (phe-asp) recovered from TLC plates gave essentially only aspartic acid and phenylalanine on acid hydrolysis as expected.
We also looked at the proteins specified by the (asp-phe) n .1 i producing plasmids in E. coli whole cells. On shifting cells containing the recombinant plasmids from medium containing tryptophan to medium containing 0-indoleacrylic acid proteins were induced of the same molecular weight as the protein produced in mlnicells containing the same plasmid (Fig. 7) . The addition of B-indoleacrylic acid to these cultures had a general depressing effect on incorporation of label into cell proteins, only incorporation into the induced protein band was increased. When the induced protein band was isolated from gels and digested with proteolytic enzymes the pattern of products was very similar to that obtained with the proteins derived from minicells (Fig. 8) . This indicated that the same protein was being produced in both systems. Acid hydrolyses of protein isolated from whole cell cultures were not as clean as those obtained with the protein from minicells, probably reflecting the greater number of labelled bands running in the same region of the gel. Protein isolated from whole cells; Track 2: Protein isolated from rainicells. The proteins were labelled with a mixture of 14c-aspartic acid and 14c-phenylalanine and isolated from acrylamide:SDS gels as described in the text. Digestion was for 16 hours at 37° with 10 mg/ml of subtilisin Carlsberg immobilised 'w on a solid support.
phe-asp our estimates of the absolute amount of the (asp-phe) polymer produced in these cells are not very exact, mainly due to uncertainties about the amino acid pool sizes in the cells. However, current estimates suggest that the most efficient isolates, producing proteins with ^50 repeats of (asp-phe) are producing 4 5 10 -10 molecules of this protein per cell. This is comparable with the values reported recently for the expression of an ovalbumin-like protein (2), human insulin (1), the xcro gene product (26) and human growth hormone (6) cloned in E. coli, but not as high as the trp promoter can achieve (27) .
In conclusion, we have shown that the production and stable maintenance of recombinant plasraids containing tandemly repeated inserts is possible.
Also we have demonstrated that the strategy of synthesising and cloning repeating genes for small peptides can be the basis of a method for the production of such peptides.
